The clinical phenotype of Sanfilippo Syndrome is caused by one of four enzyme deficiencies that are associated with a defect in mucopolysaccharide metabolism. The four subtypes (A, B, C, and D) are each caused by an enzyme deficiency involved in the degradation of heparan sulfate. We have developed a highly efficient synthesis of the substrates and internal standards required for the enzymatic assay of each of the four enzymes. The synthesis of the substrates involves chemical modification of a common intermediate. The substrates and internal standards allow the measurement of the enzymes relevant to heparan N-sulfatase (type A); N-acetyl-α-glucosaminidase (type B); acetyl-CoA:α-glucosamide Nacetyltransferase (type C); and N-acetylglucosamine 6-sulfatase (type D). The internal standards are similar to the substrates and allow for the accurate quantification of the enzyme assays using tandem mass spectrometry. The synthetic substrates incorporate a coumarin moiety and can also be used in fluorometric enzyme assays. We confirm that all four substrates can detect the appropriate Sanfilippo Syndrome in fibroblast lysates, and the measured enzyme activities are distinctly lower by a factor of 10 when compared to fibroblast lysates from unaffected persons.
■ INTRODUCTION
Mucopolysaccharidosis III types A, B, C, and D (Sanfilippo syndrome, MPS III type A, B, C, and D) are a group or autosomal recessive lysosomal storage disorders (LSD) caused by a deficiency of any of four distinct enzymes which degrade the glycosaminoglycan (GAG) heparan sulfate. The enzymes are located in lysosomes and, when deficient, are unable to degrade heparan sulfate. This allows the accumulation of heparan in cells leading to somatic changes and intellectual deficits. 1 Each MPS III is caused by a deficiency of a specific enzyme: heparan N-sulfatase (sulfamidase, EC 3.10.1.1), α-Nacetyl-glucosaminidase (EC 3.2.1.50), acetyl-CoA:α-glucosaminide acetyltransferase (EC 2.3.1.78), and N-acetylglucosamine 6-sulfatase (EC 3.1.6.14) for types A, B, C, and D, respectively. 2 Although the enzyme deficiencies are biochemically distinct, the clinical phenotype is similar. MPS III is characterized by slowly progressive degeneration of the central nervous system, whereas somatic changes are mild and often diagnostically nonspecific. Diagnosis of MPS III is often delayed beyond four years of age due to mild somatic effects and unreliable tests for urinary GAGs. 1 The most reliable methods of detection of the forms of MPS III rely on specific enzyme assays. Radiolabel, 3−7 spectrophotometric, 8, 9 and fluorescence-based assays 10−14 have been developed to monitor MPS III enzyme activities; substrates for fluorescence-based assays are available commercially from Moscerdam (http://moscerdam.com). These assays for MPS IIIA, C, and D do not form fluorescent products and require addition of a coupling hydrolytic enzyme to generate the fluorescent 4-methylumbelliferone product.
We have developed tandem mass spectrometric assays 15 for the detection of several LSDs caused by deficiencies of enzymes in glycosaminoglycan degradation pathways. These included assays for α-L-iduronidase (MPS I), 16 iduronate-2-sulfatase (MPS II), 17 N-acetylgalactosamine-6-sulfate sulfatase (MPS IV), 18 and N-acetylgalactosamine-4-sulfate sulfatase (MPS VI). 19, 20 The assays require incubation with a synthetic substrate and a 2 or 3 mm punch of a dried blood spot from a newborn report card, followed by a single-step extraction, 21 or HPLC workup, 22 and quantitation of the enzyme product by tandem mass spectrometry. This approach is dictated by the need for early detection of those inborn errors for which there exists efficient treatment. MPS III is different in that there is currently no marketed treatment. However, a treatment for MPS IIIA is in development, 23 and thus, it is useful to explore the possibility of early detection of this LSD using an enzyme assay.
We previously developed a set of assays to measure enzyme activities in cultured fibroblasts for MPS III patients by using affinity capture−release purification of biotin-tagged products and internal standards followed by electrospray MS. 24, 25 Although this assay set was robust and straightforward, the synthesis of biotinylated substrate-conjugates was tedious and unsuitable for scaled-up production. In addition, sample dilution upon affinity capture−release made the affinity-based method unsuitable to extend to dried blood spots. Because of the superior selectivity and sensitivity of tandem mass spectrometry, the affinity chromatography step can now be avoided and the assays performed with simpler substrates. Here, we report the development of a highly efficient synthesis of a simplified set of substrates, which are prepared from a common intermediate. We also prepared a set of internal standards that allow for the quantitation of MPS III enzyme activities by tandem MS. The chemical structures of the new compounds are shown in Figure 1 . Also reported are new fragmentation mass tags for the detection of MPS III enzyme products and internal standards, which are completely orthogonal by ion masses within this group of enzymes, and also across the entire portfolio of 15 tandem mass spectrometric LSD assays developed by our lab.
■ EXPERIMENTAL PROCEDURES
Materials. All chemicals were reagent grade and were used as received. (1,1,2,2-d 4 )-Ethylenediamine and tert-butyl-d 9 -alcohol were purchased from CDN Isotopes. Acetyl-CoA and synthetic chemicals were purchased from Sigma Aldrich. Cell culture media and buffer solutions were purchased from Invitrogen. T-25 and T75 flasks were purchased from Corning Inc. All experiments with human cell lines were conducted in compliance with Institutional Review Board guidelines. All MPS-III affected patients had been diagnosed previously with established clinical and biochemical procedures. Patient fibroblast cells were obtained from the Coriell Institute for Medical Research and were grown using their standard protocols (http://ccr.coriell.org/Sections/Support/Global/ Fibroblast.aspx?PgId=214). The specific cell lines used were catalog number GM00312 (Type A), GM02931 (Type B), GM05157 (Type C), and GM05093 (Type D). Details of the syntheses of the substrates and internal standards are provided in the Supporting Information.
Standard Assay Procedure. Cells were harvested from T75 flasks by quickly removing the fibroblast growth medium, then incubating the cells in 8−9 mL 0.53 mM ethylenediaminetetraacetic acid (EDTA) in Hank's balanced salt solution (HBSS) for a couple of minutes. The cells were monitored under the microscope, and as soon as the cells began to constrict or round at the edges, the EDTA solution was removed. Next, 4−5 mL of 0.05% trypsin EDTA solution was added. The cells were monitored under the microscope for a few minutes until the cells detached. If necessary, the flask was tapped to help to dislodge the cells. When the cells were almost all dislodged, 5−7 mL of media was added, and the suspension was mixed a few times by gentle aspiration using the pipettor to give a uniform suspension. The solution was then placed in a 15 mL falcon tube and centrifuged at 100 g for 10 min to give a pellet. The solution was then removed without disturbing the pellet. The pellet was gently washed quickly with 2 × 100 μL of deionized water with care taken not to disturb the pellet. The cells were then diluted in less than 100 μL of deionized water and the sample was sonicated on ice using a microtip probe for 3 × 1 s bursts until the sample became homogeneous. The protein concentration was then measured using the standard Bradford assay 26 and the samples were stored at −80°C until they were analyzed.
For the MPS III Type B and C assays, 10 μL of 100 mM sodium citrate buffer, pH 4.5, containing 0.75 mM MPS III type B and C substrates was combined in a 1.5 mL Eppendorf tube with 5 μL of 9.6 mM acetyl-CoA solution in the same buffer solution. The cell lysate containing 30 μg of fibroblast protein was added followed by water to give the solution a total volume of 30 μL. The final composition of the solution is 50 mM citrate buffer pH 4.5 with 0.25 mM substrate, 1.6 mM acetyl-CoA, and 30 μg of protein. Stock solutions of substrates were prepared in methanol and stored at −20°C. An appropriate volume of each substrate was transferred to Eppendorf tube, methanol was removed in a vacuum centrifuge (Speed-Vac), and assay buffer was added to prepare the assay cocktail. We have not yet evaluated the long-term stability of the substrates in the assay cocktail.
The MPS III type A and D assays were carried out in a separate Eppendorf tube with 10 μL 100 mM sodium acetate buffer pH 5.5 which contained 75 mM lead(II) acetate and 2.5 mM of each substrate. To each assay, 60 μg of fibroblast protein was added followed by deionized water to give a total volume of 20 μL. The final composition is 50 mM acetate buffer pH 5.5 with 37.5 mM lead(II) acetate, 1.25 mM substrate, and 60 μg of protein. MPS III type A and D substrates were stored as stock solutions and assay cocktail prepared as for the other substrates. Stock solutions of acetylCoA were prepared in assay buffer and stored at −20°C.
All assays were allowed to incubate for 16 h at 37°C in a thermostatted air shaker at 225 rpm. The assays were then quenched with 0.5 mL of water containing 1 nmol of the internal standards. Internal standard stock solutions were made in methanol (stored at −20°C), and these were directly added to the assay mixture (typically 10 μL).
To the MPS III type A and D assay was added a suspension of DEAE in water (150 μL, containing ∼100 μL of settled beads). The samples were mixed on a vortexer for ∼1−2 s to ensure uniform mixing. The addition of DEAE removed the unreacted sulfated substrate from the samples in order to prevent nonenzymatic dissociation of the sulfate group in electrospray and ion transport, which can cause a high background. The Eppendorf tube was then centrifuged and the top 0.5 mL was removed and submitted to C-18 solid-phase extraction using a vacuum manifold (Millipore Inc., MAVM0960R) system connected to an aspirator. The next step was to pass the sample through a reverse-phase solid-phase cartridge to remove buffer salts. C-18 resin (Aldrich, octadecyl-functionalized silica gel #377635) slurry in methanol (100 μL containing ∼70 μL of resin) was pipetted into a 1 mL pipettor tip plugged with cotton. The top region of the tip was sprayed with methanol using a squirt bottle to push remaining solid-phase particles to the bottom of the tip. The column was washed with ∼0.5 mL water with suction to remove residual methanol. The 0.5 mL assay samples were loaded onto the solid-phase bed, and suction was applied to draw the sample into the bed over 20−30 s. The products and internal standards were eluted into a 1.5 mL Eppendorf tube by adding 100 μL of 80/20 acetonitrile/water with 0.2% formic acid and applying suction over ∼10 s. Ten microliters of the elution solvent was then injected into the mass spectrometer for analysis. If desired, it is possible to store these samples at −20°C for several days prior to mass spectrometry.
Mass Spectrometry. Mass spectrometry was performed on a Waters Quattro Micro tandem quadrupole instrument using positive ion mode selected reaction monitoring (SRM) and The product concentration was then determined from the SRM ion intensity ratio of the product to internal standard, the known internal standard concentration, and the products/ internal standard response ratio (R), which was obtained by calibration over a 0.0−2.0 range of molar ratios, The calibration curves to determine the relative response factors for products to internal standards are given in Figures S1−S4 (Supporting Information). The enzyme activity was calculated as nmol/(h mg protein) from the amount of product formed, the incubation time, and the amount of protein added to the assay. Other mass spectrometry settings were as follows: capillary voltage, 3.75 kV; extractor, 1 V; RF Lens, 0 V; source temperature, 80°C; desolvation temperature, 350°C; cone gas flow, 50 L/h; desolvation gas flow, 650 L/h; LM 1 resolution, 15; HM resolution, 15; ion energy 1, 0.2 eV; entrance, 15 V; exit, 15 V; LM 2 resolution, 15; HM 2 resolution, 15; ion energy 2, 2.0 eV; multiplier, 650 V; gas cell Pirani pressure, 2.23 × 10 −3 mbar; dwell time, 100 ms with 20 ms delay.
■ RESULTS AND DISCUSSION
Substrate, Product, and Internal Standard Synthesis. The substrates all have an umbelliferyl-α-glucosamine scaffold, which is unmodified (type B), modified by N-sulfation (type A), modified by N-acetylation (type C), or the N-acetylated glucosamine is 6-O sulfated (type D). Importantly, the common scaffold allows for an efficient synthetic design involving a single pivot intermediate. The umbelliferyl group bears a hydrophobic linker with a terminal carbamylated amine.
The hydrophobic linker assures good retention of the products and internal standards on the reverse-phase cartridges used to remove buffer salts prior to ESI mass spectrometry. The carbamylated amines provide a site that readily undergoes collision-induced dissociation in the mass spectrometry. Fragmentation along a single pathway improves assay sensitivity. We decided to add mass variation to the alkoxy portion of the carbamate rather than using various length methylenediamine linkers. The latter would inevitably result in mass redundancies with some of the other lysosomal enzyme products and internal standards we have developed previously. 15−22 By avoiding these overlaps, we anticipate being able to incorporate the MPS III assays together with assays of other LSDs in the future. We thus used a common ethylenediamine linker, which is commercially available in tetra-deuterated form, and a series of different t-alkoxycarbamido (t-AOC) groups. For the type B substrate, we used a standard t-butoxy group (t-BOC). The t-AOC groups for the type A, C, and D substrates and internal standards were modified with one, three, or two extra carbons, respectively (Figure 1 ). The internal standards were deuterium labeled in the ethylenediamine linker for the type A, C, and D internal standards and on the t-BOC group for the type B assay.
The t-AOC derivatives were synthesized using the appropriate alcohols and phenylchloroformate (Scheme 2) to form a carbonate (1) which was then refluxed in ethanol with ethylenediamine to give the desired compound (2). The internal standards contained either a heavy d 4 -ethylenediamine chain or a d 9 -t-BOC group (Figure 2 ) made from either ethylene-d 4 -diamine or tert-butyl-d 9 -alcohol, both commercially available from CDN Isotopes.
The starting compound of the carbohydrate synthesis was 2-azido-2-deoxy-D-glucopyranosyl fluoride 3,4,6-triacetate (3, Scheme 3), which was synthesized from commercially available Scheme 2. Synthesis of the Linkers Figure 2 . The different linkers that are used for the substrates, and internal standards for each assay type. D-glucal using previously described techniques. 27, 28 The coumarin aglycone was made as described previously. 17 Coupling of the coumarin and 3 gave a mixture of 40% α and 60% β enantiomers (4). The α-anomer is generally more difficult to obtain than the β-anomer, and we consider the 40/ 60 α/β ratio to be acceptable. These two anomers were not readily separated on silica gel; however, we found that they do separate well after the next two synthetic steps, reduction of the azide to give amine (5) and N-trifluoroacetylation to give (6) . Diastereoisomers 6α and 6β were readily separated on silica (R f = 0.4 for α and 0.3 for β in CHCl 3 /MeOH 3%). The trichloroethyl ester in the α-linked glycoside (6) was removed using Zn to form the free carboxyl group in the common intermediate (7) from which all substrates, enzymatic products, and internal standards could be synthesized in four steps or less. Using this intermediate the desired linker can be attached via standard 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) peptide coupling (Scheme 4) (8). The carbohydrate was then fully deprotected (9) and either N-sulfated (10) , Nacetylated (11) , or N-acetylated and then sulfated at O-6 (12) to give all substrates and internal standards.
The type B product and internal standard (13) were made by coupling the desired diamine chain to 7-hydroxycoumarin-4-acetic acid using a standard EDC coupling procedure in dichloromethane (Scheme 5).
Mass Spectrometric Analysis. Electrospray ionization tandem mass spectrometry of the products and internal standards showed linear responses (R 2 = 0.98−0.998) over a range of product/internal standard ratios ( Figures S1−S4 , Supporting Information). The slopes of the calibration curves varied, giving different response factors for the A−D types. The largest difference was found for type A where the response factor was 0.42 disfavoring the product against the internal standard. The other response factors were 0.66, 0.53, and 1.6 for the B, C, and D types, respectively. Note that the internal standards are isotopologues of the enzyme products and their respective response factors are usually expected to be close to 1.0. The reasons for the observed variations were not clear. The response factors were used in the calculations of product formation in the assays. Figures S5 and S6) . The type C enzyme activity leveled off after ∼6 h of incubation time (SI Figure S6) . Despite this time course of type C assay, all the assays were still incubated for 16 h so that they could be processed at the same time. The amount of substrate enzymatically converted to product increased in an approximately linear fashion with increasing amounts of fibroblast protein for all assays (SI Figures S7 and S8) .
Enzyme activities were measured in cultured cells from patients who had been previously diagnosed with MPS III A−D syndromes, and the measured activities were compared among the cell lines and with blanks ( Figure 3) . Three blanks which contained water instead of cellular protein had heparan-Nsulfatase (type A) activities of 0.17, 0.29, and 0.22 nmol/(h mg protein). The patients' type A enzyme activities were measured as 0.25, 1.9, 2.2, and 1.9 nmol/(h mg protein) for MPS III type A, B, C, and D patients. The MPS III type A patient showed enzyme activity close to the blanks, while the MPS III type B− D samples had heparan-N-sulfatase activities at least 6.5 times higher than the background signal. The MPS III type B blanks showed α-N-acetyl-glucosamidase activity of 0.00, 0.11, and 0.01 nmol/(h mg protein). The patient α-N-acetyl-glucosamidase activities were 2.8, 0.11, 2.0, and 2.3 for the type A−D patients, respectively. This showed that the MPS III type B patient had a measured α-N-acetyl-glucosamidase activity close to the blanks, while the other patients' activities were at least 18 times higher than background. The MPS III type C assay blanks had acetyl-CoA:α-glucosaminide acetyltransferase activities of 0.22, 0.20, and 0.19 nmol/(h mg protein). The patients had acetyl-CoA:α-glucosaminide acetyltransferase activities of 3.3, 3.5, 0.16, and 2.5 nmol/(h mg protein) for type A−D, respectively. Thus, the MPS III type C patient activity was close to the blank while the other patients' activities were at least 11 times higher than background. Finally, the N-acetylglucosamine-6-sulfatase (MPS III type D) activities of the blanks were 0.02, 0.02, and 0.01 nmol/(h mg protein). The patients activities were 0.68, 0.60, 0.62, and 0.04 nmol/(h mg protein), with the MPS III type D patient activity being at least 15 times lower than the others. The activity data are compiled in Table  1 .
We did not use fibroblasts from healthy individuals in the current study. The previous assays using biotinylated substrates and healthy individual fibroblasts showed normal activity ranges in fibroblasts 0.30−0.64, 1.4−2.7, 1.5−5.4, and 0.067−0.092 nmol/(h mg protein) for the MPS III type A, B, C, and D assays, respectively. 24, 25 The results with the new substrates are comparable for the B and C types. The MPS III type A and D activities achieved with the new substrates were 3-and 10-fold higher, respectively, than those previously reported. 25 
■ CONCLUSIONS
The main purpose of this study was to develop structurally simpler MPS III type A−D substrates and internal standards that are prepared from a common, late-stage synthetic intermediate that is converted to final reagents in 4 or fewer steps. The MPS III type A−D substrates are among the most structurally complex in the set of reagents needed for biochemical assay of LSD in general, and the synthetic achievement in this study should allow for production of reagents in amounts needed for expanded scope MPS III A−D assays. This would be implemented, should newborn screening of these disorders become desirable, especially for MPS IIIA since a treatment option is in clinical trials. Substrates were designed to avoid mass overlaps between these reagents and the full set of other substrates that we have developed for mass spectrometry assays of other lysosomal storage diseases. 15−22 In addition, the generated products contain a labile carbamate unit that directs fragmentation in tandem mass spectrometry (to improve assay sensitivity) and a hydrophobic component that allows for buffer removal prior to mass spectrometry. We show that these substrates readily detect the enzymes in fibroblasts relevant to MPS III A−D and are specific for each enzyme since the activities are close to background in the appropriate fibroblasts from MPS III A−D patients.
As will be reported shortly, we have developed a simplified assay of 9 different enzymes relevant to 9 LSDs that makes use of only 2 blood spot punches incubated in 2 buffers (6-plex +3-plex) and that uses rapid liquid chromatography in-line with tandem mass spectrometry. The latter allows almost all of the premass spectrometry sample preparation steps to be eliminated (i.e., DEAE capture, solid-phase extraction). 17, 29 Work is underway in our laboratories to explore the use of these new MPS III A−D reagents for assays using dried blood spot punches, with a minimal number of assay buffers, and employing the liquid chromatography step to replace premass spectrometry sample processing.
Finally, since all of the reagents reported in this study contain the umbelliferone unit, they are anticipated to also work using fluorometric procedures to assay the MPS III A−D enzymes.
11−14 Thus, the reagents offer the choice of two different assay platforms. However, the advantage of tandem mass spectrometry is that it allows for many LSD enzymes to be assayed using a single and rapid readout. 
